In Brief
Eichenlaub et al. present a genetic model for cell competition in tumor formation. In the context of EGFR expression, cytokinesis failure initiates formation of giant polyploid cells. These cells drive tumor formation by inducing apoptosis of nearby cells and engulfing the ''losers.'' Tumor formation depends on inducing apoptosis in nearby cells.
INTRODUCTION
Mechanisms to eliminate abnormal cells are important in normal development, as well as disease. Elegant genetic studies on the mechanisms that control normal tissue growth in Drosophila have provided evidence for active competition for survival among normal cells during development. Cell competition is a homeostatic process through which proliferating cells provide signals that induce apoptosis and consequently lead to the elimination of slower-dividing, but otherwise healthy, cells [1] [2] [3] [4] . Cell competition can be driven by competition for growth factors [5, 6] or by differences in the expression of genes involved in cell growth and proliferation, such as Myc, in Drosophila epithelia and in mouse embryonic models [7] [8] [9] . Cells win in competition in part through inducing apoptosis of their less-fit neighbors. Competition-dependent elimination of cells by induced apoptosis is also observed in mammalian epithelia [10] . Evidence is emerging that ''loser'' cells may then be eliminated by an active process of cell engulfment [11, 12] . These observations have led to the hypothesis that cell competition and induced apoptosis may play roles in cancer progression, with tumor cells behaving as ''supercompetitors'' inducing apoptosis and engulfment of normal cells (reviewed in [13] [14] [15] ).
In this report, we provide experimental evidence for cell competition as a cancer driver using a Drosophila model of epithelial tumor formation. Activating mutations in EGFR have long been recognized as driver mutations in human cancer (reviewed in [16, 17] ). However, tumors contain multiple mutations, suggesting that a complex genetic landscape involving multiple genetic alterations drives disease progression [18] . In a simple genetic model of epithelial tumor formation, EGFR overexpression in wing imaginal disc epithelial cells leads to benign tissue hyperplasia, with accelerated cell proliferation accompanied by increased apoptosis. When combined with cooperating factors, such as bantam or other microRNAs (miRNAs), EGFR overexpression can lead to neoplasia and metastasis [19, 20] . Here, we identify miR-8 as cooperating factor in EGFR-driven tumorigenesis and provide evidence that tumors originating from cells expressing EGFR and miR-8 behave as supercompetitors that induce apoptosis of nearby cells and engulf them to grow. Induction of apoptosis and the ability to engulf neighboring cells are essential for neoplasia and metastasis in this model. We identify Peanut, a Septin family protein, as an essential miR-8 target gene whose downregulation is required for formation of these tumors, highlighting the role of cytokinesis failure in establishing cell competition as a driver of tumor formation in this model system.
RESULTS
EGFR overexpression in wing imaginal disc cells leads to benign tissue hyperplasia ( Figures 1A and 1B ). We were intrigued by the observation that although miR-8 expression on its own caused a modest reduction in imaginal disc size ( Figure 1C) , the combination of EGFR and miR-8 resulted in the formation of tumors (Figure 1D) . These EGFR+miR-8 tumors were particularly aggressive, leading to metastasis in the larva (Figures 1E and 1F ).
Giant Polyploid Cells in EGFR+miR-8 Tumors
In previous studies, we observed that the transformation from EGFR-induced benign overgrowth to metastatic tumors was accompanied by a gradual loss of epithelial organization [19, 20] . The EGFR+miR-8 tumors had a strikingly different appearance than those produced by coexpression of EGFR with bantam miRNA (Figures 2A and 2B ). At the start of the transgene induction period, both types of genetically modified epithelial cells showed normal apico-basal polarity. By 2 days of transgene expression, the EGFR+bantam discs were larger: the GFP-expressing tissue expanded, throwing the disc epithelium into folds (Figure 2A ; scale bars represent 100 mm in each panel). Over 10 days, the EGFR+bantam tumors showed a massive increase in size due to an increase in cell number, with partial loss of epithelial organization by day 4. By day 10, the tissue was a disorganized ball of GFP-expressing cells (Figure 2A ; for detailed examination of polarity and metastasis, see [19] ).
In contrast, the EGFR+miR-8 discs did not initially increase in size ( Figure 2B ). Instead, the amount of GFP-expressing tissue decreased over the first few days of transgene expression. By 2-3 days of transgene expression, a population of abnormally large cells began to emerge in the EGFR+miR-8 discs ( Figure 2B ). The GFP-expressing EGFR+miR-8 tumors typically reached their minimum size by 4 days, at which point the genetically modified tissue consisted almost entirely of giant cells. Subsequently, the discs increased in size, showing an increase in the number of giant cells and a gradual re-appearance of smaller GFP-expressing cells, so that the tumors were composed of a mixed population of giant cells and small cells by day 10 and thereafter ( Figures 2B and S1 ).
The giant cells produced by EGFR+miR-8 expression had large nuclei, in which it was possible to observe the banding pattern typical of polytene chromosomes, suggesting that these cells were polyploid ( Figures 3A and S2 ). These cells showed loss of polarized expression of DE-Cadherin and Dlg, indicating loss of apico-basal polarity ( Figure 3B ). Larvae carrying EGFR+ miR-8 tumors showed widespread metastasis (Figure 1 ). Metastatic lesions were often composed of a mix of large and small GFP-expressing cells that were capable of invading into host tissues ( Figures 3C and 3D ). We also observed many instances of single giant cells in the process of spreading, as in this example along the tracheal airways ( Figure 3E ). These observations suggest that the giant cells might be an intermediate stage in the formation of metastatic tumors in the EGFR+miR-8 model.
As a further test of the metastatic potential of the EGFR+miR-8 tumors, we made use of the eyeless-FLP system to produce EGFR+miR-8 expressing clones in the eye-antenna disc. In addition to causing overgrowth of the eye-antenna disc, GFP-positive cells were observed invading the ventral nerve cord ( Figure 3F ).
Apoptosis and Cell Engulfment
Expression of EGFR alone increases cell proliferation in the imaginal discs, but this is partially offset by an increase in apoptosis [19] . In the EGFR+miR-8 imaginal discs, we observed many pyknotic nuclei, as well as cells expressing the activated form of Caspase 3 ( Figure 4A ). At 2 days after transgene induction, we observed that the nascent giant cells were not Caspase positive but that Caspase activation was widespread among the small GFP-expressing cells ( Figure 4B ). This pattern persisted over the next 2 days as the bigger cells grew to become giant cells and the population of smaller GFP cells was largely eliminated ( Figure 4B ). Caspase activation was also observed in wild-type cells outside the ap-Gal4 expression domain, albeit less frequently. On close examination, we observed many small cells that appeared to have been internalized into giant cells; in some cases, these internalized cells expressed active Caspase 3 ( Figure 4C , arrows). This suggested that expansion of the giant cells might involve elimination of neighboring cells through induction of apoptosis and cell engulfment. Both processes are likely to contribute to the loss of small GFP-expressing cells during the first few days of EGFR+miR-8 tumor formation, while the giant cells were emerging ( Figure 2B ).
Epithelial cells compete for the ability to survive and proliferate during normal imaginal disc development. Cell competition can be induced by differences in responsiveness to growth factors such as Dpp [5] . Differences in the levels of Myc expression can also drive cell competition: cells with more Myc eliminate cells with lower levels of Myc [7, 8] . In EGFR+miR-8 tumors, the giant cells typically showed higher levels of Myc expression than nearby cells ( Figure 4D ). Myc levels were variable, and not all giant cells showed the same degree of Myc increase (Figure 4D, arrows; see Figure S3 for additional examples). In some discs, regions of normal tissue with high Myc were also observed. It is worth noting that few of the cells initially expressing the EGFR+mir-8 transgenes survive to become giant cells 
UAS-GFP, (B) apG4, UAS-EGFR, UAS-GFP, (C) apG4, UAS-miR-8, UAS-GFP, and (D) apG4, UAS-EGFR, UAS-miR-8, UAS-GFP.
Note that the optical section in (D) underestimates the volume of the tissue, in comparison to the comparatively flat imaginal discs in (A)-(C), which retained normal epithelial organization. DNA was labeled with DAPI (red). GFP is shown in green. Scale bars, 100 mm. Figure S5A controls for UAS-transgene number.
(E and F) Low-magnification images showing larvae of the following genotypes: (E) apG4, UAS-EGFR, UAS-GFP and (F) apG4, UAS-EGFR, UAS-miR-8, UAS-GFP.
Note the expansion of the GFP-expressing tissue in the anterior end of the larvae in (F), where the imaginal discs expressing apG4 are located, and the GFP-expressing metastases (arrows). Some of the GFP-expressing cells at the posterior ends of these animals reflect overgrowth of the apGal4 expression domain in the hindgut, which is visible as faint stripe of GFP expression toward the posterior side (right side of E).
( Figure 2B ). Although many nascent giant cells are visible early in tumor formation, few go on to become highly polyploid cells. The number of giant cells typically decreases transiently before the fully tumorous phenotype emerges. The observed variability in Myc levels may reflect ongoing competition among the giant cells. Currently available imaginal culture systems do not allow tumor progression, so it is not currently possible to monitor the effects of Myc dynamics on the fate of individual cells. Giant cells also showed higher levels of Dpp signaling activity, visualized by antibody to pMAD, and this was independent of the position of the cells in the disc ( Figure 4E ; see Figure S3 for additional examples). Together, these observations suggest that cell competition could contribute to tumor formation in this model.
Cell Competition
To test the cell competition hypothesis, we made use of genetic mosaics to assess the ability of EGFR+miR-8 cells to compete with surrounding normal cells. Clones of cells expressing EGFR+miR-8 were produced using the MARCM method to eliminate Gal80 and thereby allow Gal4-directed transgene expression in the marked clone. EGFR+miR-8 clones produced giant cells ( Figure 5A ), with elevated levels of Myc ( Figure S3 ). These clones induced apoptosis of nearby wild-type cells, visualized by antibody to activated Caspase 3 ( Figure 5B ). Caspase activation was not observed in giant cells ( Figures 4B and 5B ). To ask whether the ability of EGFR+miR-8 clones to expand and eliminate surrounding tissue depended on competition with the Figure S1 ). Scale bars, 100 mm. See also Figure S1 .
surrounding wild-type cells, we produced the clones in a background where the surrounding tissue expressed higher than normal levels of Myc (by expression of a Myc transgene [8] ). When competing with normal cells, EGFR+ miR-8 clones expanded to occupy most of the disc, replacing the normal tissue ( Figures 5C and S4 ). When competing with Myc-overexpressing cells, the EGFR+miR-8 clones did not produce giant cells, and the clones were eliminated from the disc over 48-72 hr ( Figure 5D ). Thus, cell competition appears to drive formation of giant cells and tumors in this model.
Suppression of Cell Engulfment and Apoptosis Blocks Giant Cell Tumors
The observation that apoptotic cells were apparently internalized into the giant cells prompted us to explore the role of cell engulfment in the formation of EGFR+miR-8 tumors. An active process of cell engulfment, mediated through the activity of Draper, Wasp, Mbc/dock180, and Rac1, has been shown to allow epithelial cells to engulf and eliminate less-fit Minute mutant cells in the imaginal discs during cell competition [11] . Depletion of ELMO, Mbc, or Draper by co-expression of an upstream activating sequence (UAS)-RNAi transgene together with EGFR+miR-8 suppressed the formation of giant cells ( Figures  6A-6D ). Epithelial organization remained normal, as in the case of EGFR overexpression alone, and the discs were no longer capable of neoplastic transformation and metastasis. These findings suggest a role for cell engulfment in giant cell formation, though it should be noted that depletion of ELMO, Mbc, or Draper might compromise functions other than cell engulfment.
Similar results were obtained when Draper was depleted by RNAi in EGFR+miR-8 clones. Reduced Draper expression suppressed formation of giant cells in the clones ( Figure S5 ). Interestingly, these clones were able to induce apoptosis of nearby wild-type cells, but these clones did not progress to form tumors. These observations suggest that progression to formation of giant polyploid cells requires cell engulfment. But, as observed in cell competition during normal tissue growth [21] , engulfment of loser cells is not a prerequisite for induction of apoptosis. For this reason, it seems likely that the engulfed material we observed inside giant cells may be the corpses of cells induced to undergo apoptosis. The possibility cannot be excluded that giant cells might also engulf non-apoptotic cells, which subsequently undergo apoptosis. Time-lapse imaging of tumor development might allow a more direct investigation of the role of engulfment in giant cell formation.
Next we explored whether the ability of the Myc-expressing giant cells to induce apoptosis was required for tumor formation. To test this, we coexpressed the apoptosis inhibitors p35 or DIAP1 together with EGFR and miR-8 ( Figures 6E-6G ). Under these conditions, we no longer observed the formation of giant polyploid cells. Instead, these discs showed increased numbers of smaller GFP-expressing cells while retaining normal epithelial organization. Remarkably, the ability of the tumorous discs to undergo neoplasia and to metastasize was suppressed by blocking apoptosis in the EGFR+miR-8 expressing tissue. The resulting tumors were benignly hyperplastic. DIAP1 blocks Caspase activation, whereas expression of p35 blocks apoptosis at a step subsequent to Caspase activation. Widespread activation of Caspase was observed in the EGFR+ miR-8 discs, expressing p35, as expected ( Figure S5 ). As DIAP1 and p35 expression were each sufficient to block EGFR+ miR-8 tumor formation, the requirement for apoptosis appears to involve a step subsequent to Caspase activation.
Taken together, these observations indicate that coexpression of EGFR+miR-8 generates a population of cells that behave as supercompetitors. The giant cells expand by actively eliminating surrounding cells, through apoptosis and cell engulfment. Engulfment of the loser cells is required for the winner cells to become giant cells, which then lose epithelial polarity and become metastatic.
miR-8 Targets
Peanut is a member of the Septin family of proteins, most similar to mammalian Septin7 [22] . Drosophila peanut mutants show an increased rate of cytokinesis failure leading to formation of binucleate cells [23, 24] . Similarly, depletion of mammalian Septin by injection of blocking antibodies can lead to cytokinesis failure [25] . This raised the possibility that reduced Peanut expression might contribute to the effects of miR-8 in producing giant cells. Computational target prediction identified the peanut transcript as a potential miR-8 target ( Figure 7A ). miR-8 expression was effective in reducing expression of Peanut protein ( Figures 7B  and 7C) , showing activity comparable to expression of a UASRNAi transgene ( Figure 7D) . Expression of the Peanut RNAi transgene led to cells with multiple centrosomes, indicating cytokinesis failure (Figures 7E and 7F) .
If downregulation of Peanut by miR-8 contributes to the formation of the giant polyploid cells, we reasoned that restoring Peanut expression should suppress the formation of tumorous discs. Co-expression of a UAS-Peanut transgene with miR-8 and EGFR completely suppressed the giant-cell phenotype (Figures 7G and 7H ). Under these conditions, the GFP-positive cells remained small in size and retained normal epithelial organization, as shown by apical localization of DE-Cadherin ( Figure 7H ). 
F) MARCM clones expressing UAS-EGFR, UAS-miR-8, UAS-GFP
were produced in the eye-antenna discs using the eyeless-FLP system. DNA is labeled with DAPI (magenta and blue). GFP is shown in green. EGFR is shown in red. Expression of EGFR+miR-8 caused overgrowth of the eye disc. GFP-and EGFRexpressing cells were observed invading the ventral nerve cord (the boxed area is shown at higher magnification below). Scale bars, 100 mm. See also Figure S2 .
We did not observe metastatic tumors in the animals expressing UAS-Peanut along with EGFR and miR-8. These observations provide evidence that downregulation of the Septin protein Peanut by miR-8 is required for neoplastic transformation and metastasis in combination with EGFR. Interestingly, depletion of Peanut was not sufficient to produce tumors when coexpressed with EGFR. We infer that miR-8 must also have other targets.
DISCUSSION
Cell competition has been proposed to play a role in cancer progression [15, [26] [27] [28] , but direct evidence in support of this hypothesis has been lacking. Our findings provide evidence that epithelial cells expressing EGFR and miR-8 behave as supercompetitors inducing apoptosis and engulfment of surrounding cells. Induction of apoptosis and the ability to engulf neighboring cells are required for these cells to produce neoplastic tumors and metastasis.
The ability of miR-8 to drive formation of tumorigenic cells requires downregulation of Peanut, a member of the Septin family of proteins. Septins are essential mediators of cytokinesis, and we observe cytokinesis failure leading to tetraploidy due to downregulation of Peanut. Cancer cells are frequently aneuploid. Failure in cytokinesis can lead to a tetraploid state, from which the characteristic sub-tetraploid karyotypes can emerge [29] . Induction of tetraploidy by telomere crisis can also lead to the emergence of cells with subtetraploid karyotype, which have enhanced ability to form tumors [30, 31] . The presence of extra centrosomes in tetraploid cells can lead to genome instability resulting in cells with a sub-tetraploid karyotype. In this context, it is noteworthy that cytokinesis failure appears to be Figure S3 . (E) The disc was labeled with antibody to pMAD to visualize Dpp signaling activity (red). Note the higher level of pMAD in the nuclei of the giant cells. Additional examples are presented in Figure S3 . Scale bars, 100 mm. See also Figure S3 . a prerequisite for EGFR+miR-8 cells to become supercompetitors. The ensuing cell competition triggers engulfment of neighboring cells, which appears to drive further polyploidization to produce giant cells that undergo neoplastic transformation to form tumors. It is noteworthy that these tumors pass through a phase in which they consist primarily of giant polyploid cells, after which a population of smaller cells emerges. Both the polyploid cells and the associated smaller cells contribute to formation of metastatic nodes.
Context Dependence
The ability of miR-8 to drive tumor formation appears to be context dependent. On its own, miR-8 has been shown to repress proliferation of Drosophila neuroblasts [32] . Consistent with this, we observed that miR-8 expression modestly reduced imaginal disc growth. miR-8 expression has been found to suppress tumor growth and metastasis in a Notch-induced tumor model [33] . In the case of Notch-driven tumors, miR-8/miR-200 act by repression of the Notch ligands Serrate/Jagged [33] .
The ability of miR-8 to downregulate its molecular targets is presumably independent of the co-expressed cancer driver. Differences in the outcome most likely depend on which target dominates in each context. Suppression of Notch ligands may have limited impact on proliferation in the EGFR-induced tumor model.
Interestingly, members of the miR-8/miR-200 family also show context dependence in human cancer. Members of the miR-200 family are downregulated in many cancers, and evidence has been presented that miR-200 can act as a tumor suppressor by inhibiting EMT and cancer stem cell self-renewal (reviewed in [34] ). On the other hand, miR-200 family members are upregulated in ovarian cancer [35, 36] . The polyploid cells that behave as supercompetitors in the EGFR+miR-8 model resemble the polyploid cells seen in ovarian cancer [37] . Such giant polyploid cells have been reported to exhibit features of cancer stem cells and to be tumorigenic in mouse models [38] . It would be interesting to study whether ovarian cancer giant polyploid cells use cell competition at the expense of surrounding normal cells during tumor formation. Mammalian Septin7 is predicted to be a target of miR-200, leading us to speculate that conservation of this regulatory relationship may be relevant to the formation of aneuploid cells in human cancer via cytokinesis failure and transient polyploid intermediates (reviewed in [39] ).
EXPERIMENTAL PROCEDURES

Drosophila Strains
The stocks used are described in the following references: ap-Gal4 [40] , UAS-EGFR [41] , UAS-miR-8 [42] , and UAS-Peanut [43] . tub>dmyc>Gal4; UAS-GFP and act>STOP>Gal4, UAS-GFP were provided by Eduardo Moreno. UAS-DC8-GFP, UAS-p35, and UAS-Diap1 were obtained from the Bloomington Drosophila Stock Center. The Vienna Drosophila RNAi Center provided UAS-pnut RNAi 
Controlled Overgrowth using Gal80 ts
The Gal4/Gal80 system was used to allow conditional transgene activation in order to bypass early lethality due to expression of EGFR+miR-8. Embryos were collected from crosses of the indicated genotypes for 48 hr at 18 C and were allowed to develop for 5 days at 18 C to maintain the Gal80-dependent repression of Gal4 until the larvae reached early third instar. Larvae were then transferred to 29 C to induce Gal4 activity and were raised for 2-10 days at 29 C before being processed for immunostaining.
Mosaic Analysis
MARCM Clones
We used the MARCM technique to simultaneously express diverse transgenes in clones. 
Flp-out Clones
We used the FLP-out technique to express EGFR+miR-8 in clones in a wild-type and a dMyc-expressing background [8] and to express EGFR+ miR-8+drprRNAi in clones.
The following genotypes were analyzed:
(1) HS-FLP/UAS-miR-8; tub>dmyc>Gal4; UAS-GFP/UAS-EGFR, Gal80ts (2) HS-FLP/UAS-miR-8; act>STOP>Gal4, UAS-GFP/+; UAS-EGFR, Gal80ts/+ (3) HS-FLP/UAS-miR-8; act>STOP>Gal4, UAS-GFP/UAS-EGFR, Gal80ts; UAS-drprRNAi/+. HS-FLP was induced by 10 min heat shock at 37 C, and the larvae were kept at 29 C until dissection. Mutant cells were marked by the presence of GFP.
Immunostaining Primary antibodies were as follows: guinea pig polyclonal anti-dMyc [44] ; rabbit anti-pMAD (provided by Ed Laufer); rabbit anti-CNN (provided by Thom Kaufman); rat anti-EGFR (provided by P. Rørth); rabbit anti-Caspase-3 act (Cell Signaling Technology no. 9661S); and mouse anti-Dlg, anti-DE-Cadherin, and mouse anti-Peanut (Developmental Studies Hybridoma Bank). Alexa Fluor 635 phalloidin was used to label F-actin (Life Technologies). Third-instar larvae were dissected in PBS and fixed in 4% formaldehyde/ PBS for 20 min at room temperature then washed three times for 10 min in 0.1%Triton/PBS (PBT) and blocked for 30 min in 3% BSA in PBT, 5mM NaCl (BBT). Samples were incubated at 4 C overnight with primary antibody diluted in BBT, washed three times for 15 min in BBT at room temperature, and incubated with fluorescent secondary antibody and DAPI for 1 hr at room temperature. After four 15 min washes with PBT, wing imaginal discs were mounted in 90% glycerol and PBS containing 0.05% N-Propyl Gallate.
Image Processing
Images were taken using a Leica SP8 confocal microscope and analyzed using Fiji software and Adobe Photoshop. In the following figures, the orientation and/or position of the wing discs were adjusted in the field of view: Figure 2A , day 4; Figure 2B , day 2 and day 4; and Figures 5D, 6A , 6B, 6C, 7B, 7C, and 7D. (B-D) Note the absence of giant cells in the samples expressing ELMO RNAi, Mbc RNAi, and Draper RNAi transgenes. These discs were restored to a normally polarized epithelial morphology. Metastases were not found in animals of these genotypes. Figure S6 shows controls for RNAi efficacy and controls for the effects of increased UAS copy number. This did not suppress the tumor phenotype. Figure S5 shows controls and depletion of Draper in MARCM RNAi clones. (E) Control for the appearance of giant cells in EGFR+miR-8 discs.
(F and G) Giant cells did not form in the samples expressing the apoptosis inhibitors p35 or DIAP1. These discs were restored to a normally polarized epithelial morphology. Metastases were not found in animals of these genotypes. Figure S5D shows a control for Caspase activation in discs expressing UAS-p35. Scale bars, 100 mm. See also Figure S5 .
In the following figures, the leg and haltere discs or debris were removed: Fig 
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